Hinode/Solar Optical Telescope (SOT) observations reveal two new dynamic modes in quiescent solar prominences: large-scale (20-50 Mm) "arches" or "bubbles" that "inflate" from below into prominences, and smaller-scale (2-6 Mm) dark turbulent upflows. These novel dynamics are related in that they are always dark in visible-light spectral bands, they rise through the bright prominence emission with approximately constant speeds, and the small-scale upflows are sometimes observed to emanate from the top of the larger bubbles. Here we present detailed kinematic measurements of the small-scale turbulent upflows seen in several prominences in the SOT database. The dark upflows typically initiate vertically from 5 to 10 Mm wide dark cavities between the bottom of the prominence and the top of the chromospheric spicule layer. Small perturbations on the order of 1 Mm or less in size grow on the upper boundaries of cavities to generate plumes up to 4-6 Mm across at their largest widths. All plumes develop highly turbulent profiles, including occasional Kelvin-Helmholtz vortex "roll-up" of the leading edge. The flows typically rise 10-15 Mm before decelerating to equilibrium. We measure the flowfield characteristics with a manual tracing method and with the Nonlinear Affine Velocity Estimator (NAVE) "optical flow" code to derive velocity, acceleration, lifetime, and height data for several representative plumes. Maximum initial speeds are in the range of 20-30 km s −1 , which is supersonic for a ∼10,000 K plasma. The plumes decelerate in the final few Mm of their trajectories resulting in mean ascent speeds of 13-17 km s −1 . Typical lifetimes range from 300 to 1000 s (∼5-15 minutes). The area growth rate of the plumes (observed as two-dimensional objects in the plane of the sky) is initially linear and ranges from 20,000 to 30,000 km 2 s −1 reaching maximum projected areas from 2 to 15 Mm 2 . Maximum contrast of the dark flows relative to the bright prominence plasma in SOT images is negative and ranges from −10% for smaller flows to −50% for larger flows. Passive scalar "cork movies" derived from NAVE measurements show that prominence plasma is entrained by the upflows, helping to counter the ubiquitous downflow streams in the prominence. Plume formation shows no clear temporal periodicity. However, it is common to find "active cavities" beneath prominences that can spawn many upflows in succession before going dormant. The mean flow recurrence time in these active locations is roughly 300-500 s (5-8 minutes). Locations remain active on timescales of tens of minutes up to several hours. Using a column density ratio measurement and reasonable assumptions on plume and prominence geometries, we estimate that the mass density in the dark cavities is at most 20% of the visible prominence density, implying that a single large plume could supply up to 1% of the mass of a typical quiescent prominence. We hypothesize that the plumes are generated from a Rayleigh-Taylor instability taking place on the boundary between the buoyant cavities and the overlying prominence. Characteristics, such as plume size and frequency, may be modulated by the strength and direction of the cavity magnetic field relative to the prominence magnetic field. We conclude that buoyant plumes are a source of quiescent prominence mass as well as a mechanism by which prominence plasma is advected upward, countering constant gravitational drainage.
INTRODUCTION
Visible-light solar prominences are large-scale formations of plasma at chromospheric temperatures (∼10,000 K) with lengths from 50 to several hundred Mm, heights of 20-100 Mm above the photospheric limb, and thicknesses from 1 to 10 Mm. When seen on the disk as dark ribbon-like features, e.g., in 656.3 nm Hα filtergrams, they are referred to as "filaments." Prominences form in both active and quiet-Sun regions over "filament channels," which develop along the polarity inversion line (PIL) separating opposite-polarity magnetic regions (Mackay et al. 2008; Martin 1998; Gaizauskas et al. 1997) . "Quiescent" prominences occur far from active regions, frequently in the higher latitudes where they are referred to as "polar crown" prominences. They differ from active region prominences in that they are typically higher, vertically structured, and have lower magnetic field strengths (Priest 1989) . In visible light, quiescent prominences are vertically striated with thread sizes on the order of 1 Mm or less and a predominately downward mass flow of about 10 km s −1 along the threads (Zirker & Koutchmy 1990 ; Kubota & Uesugi 1986; Engvold 1981 Engvold , 1976 Dunn 1965) . Total solar eclipse observations show that quiescent prominences are typically found at the base of socalled "coronal cavities" and the associated overlying "helmet streamer" formations in the outer corona (Pasachoff et al. 2007; Hundhausen & Low 1994; Koutchmy et al. 1978 Koutchmy et al. , 1977 Saito & Tandberg-Hanssen 1973) . Coronal cavities and their associated prominences form the bulk of coronal mass ejections (CMEs) and it was recognized early that prominence dynamics might play an integral role in CMEs (Gosling et al. 1974) . Following CMEs, quiescent prominences often reform in the same location implying that in spite of large-scale disturbances the conditions for their formation are stable for periods of up to many months.
Many decades of ground-based observations and theoretical research have established the basic structural, thermodynamic, and (to lesser certainty) magnetic characteristics of prominences, as summarized in several reviews and monographs (Tandberg-Hanssen 1995; Priest 1989; Zirker 1989; Poland 1986; Hirayama 1985; Jensen et al. 1979) . However, several aspects of prominence physics remain poorly understood, namely the observed structure and dynamics relative to magnetic field measurements, the source of prominence mass, and the relation of prominence instabilities to CME initiation. Vector magnetic field measurements generally find the field in quiescent prominences to be in the 5-10 G range, horizontal with an angle of about 15
• to the long axis, and the transverse component oppositely directed to the potential field extrapolated around the PIL (Bommier et al. 1981 (Bommier et al. , 1994 Leroy et al. 1984; Athay et al. 1983; . Later multispectral measurements confirm the earlier findings but find field strengths in the 20-80 G range Casini et al. 2003) . The general consensus is that most quiescent prominences fit the "inverse polarity" model which is compatible with the concept that the large-scale structure of prominences is based on helical field lines van Ballegooijen & Martens 1989; Malherbe & Priest 1983; Low 1981; Kuperus & Raadu 1974; Anzer & TandbergHanssen 1970) . MHD and analytical models (Magara 2007; Aulanier et al. , 2006 Welsch et al. 2005; Galsgaard & Longbottom 1999; Low & Hundhausen 1995; Martens & Zwaan 2001) have also been successful in replicating both static prominence structure as well as details such as the footpoint locations and observed chirality of filaments (Martin et al. 2008 (Martin et al. , 1994 . But while on-disk observations (e.g., Lin et al. 2007; Lin et al. 2005; Zirker et al. 1998) invariably show filaments to be composed of short horizontal threads in support of the magnetostatic models, limb observations of prominences, as noted above, usually show vertically structured "hedgerow" topologies with consistent downflows in thin streams. There are also clear observations of vortical motions of prominences (Liggett & Zirin 1984; Ohman 1969 ) that are particularly difficult to reconcile with the magnetostatic models. Until prominence models and magnetic field measurements are refined further, the discrepancy between magnetic field measurements and models and the increasingly detailed observations of vertical and vortical motions will apparently remain large.
Prominence mass loading is another area in which current theories and models are difficult to reconcile with observations. Models generally do not address the issue of how mass is accumulated onto field lines, assuming that once it is located in dips of the horizontal field lines it remains static until large-scale disruptions of the field (e.g., CMEs) occur. But again, observations of quiescent prominences generally show a constant draining of plasma along thin vertical threads. Since the overall structure of prominences remains constant for time periods of up to weeks between CME events, there must be a balancing inflow of mass to counter the observed downflows. Condensation of plasma from the overlying coronal cavity was originally proposed as a potential source of prominence mass (Malherbe et al. 1983a; Pneuman 1972; Pikel'Ner 1971) , but it was noted that due to the very low densities in coronal cavities the observed downflow rates in quiescent prominences would drain the entire coronal cavity on timescales of 1 day or less (Priest 1989) . Mass upflows due to magnetic reconnection at the PIL have been theorized (Galsgaard & Longbottom 1999; Litvinenko & Martin 1999; Priest et al. 1996) and observed in active region prominences where it is shown that they can provide a significant fraction of the observed mass (Chae 2003) . However, the frequency of extreme-ultraviolet (EUV) jets, such as those studied by Chae (2003) , is far too low in the quiet-Sun regions below quiescent prominences to be a significant mass source. "Thermal non-equilibrium" in loop footpoints has also been hypothesized as a prominence mass source (e.g., Karpen et al. 2006 ). This mechanism is able to replicate the dynamic horizontal threads seen in high-temperature (>30×10 4 K) EUV coronal observations of filaments (Kucera et al. 2003 ), but it is unclear whether it provides enough material to account for the much more massive visible light portions of prominences. Thus, a full accounting of quiescent prominence mass is elusive and the "prominence mass problem" remains acute.
Finally, the issue of how prominence magnetic instabilities relate to the generation of CMEs remains a key issue in solar physics, with major implications to the wider study of heliospheric physics as well. Clear observations of prominences at the limb during CME events are extremely rare. Also, since CMEs are usually identified in EUV or visible coronagraph instruments (e.g., Solar and Heliospheric Observatory/Large Angle and Spectrometric Coronagraph Experiment, SOHO/LASCO), it is difficult to obtain sufficiently detailed composite observations of CMEs and filament/prominence activations to discern the temporal relationship between events. Thus, it is not known whether prominence destabilization precedes and causes CME initiation or follows as a result of larger coronal cavity dynamics related to the CME. Recent MHD models have made progress in understanding the large-scale dynamics of prominences modeled as twisted flux ropes (Gibson & Fan 2006; Fan 2005; Gibson & Low 1998) showing that eruption can be understood as a threshold event following quasi-static evolution of the system through states of increasing twist. Similar mechanisms of building toward a critical point in coronal cavity structure are discussed in "catastrophe" theories of CME formation (e.g., Forbes & Isenberg 1991) . But the hydromagnetic origin of this increasing energy in the coronal cavity/prominence system remains unknown (Low 2001) . The surface flows below quiescent prominences evidently cannot supply sufficient twist to the field configuration and so there must be another source of twisted flux to the cavity in order to build up to the required threshold energy state. Finding this source of flux for the coronal cavity/prominence system remains a key goal in prominence studies.
In 2006, the Japan/US/UK Hinode (formerly Solar-B) satellite was launched into a 680 km Sun-synchronous orbit (Kosugi et al. 2007) . In 2006 November, we observed the first quiescent prominence using the Solar Optical Telescope (SOT; Tsuneta et al. 2008; Suematsu et al. 2008 ) instrument in the Ca ii H-line bandpass. It was immediately apparent that the SOT is capable of diffraction-limited imaging of prominences for sustained periods of time far in excess of anything ever achieved with ground-based telescopes. The new observations revealed several prominence dynamics that had either never been seen before or had been seen only fleetingly in groundbased observations. The most striking of these dynamics in the early SOT observations was the discovery of dark turbulent structures rising from below the prominences to heights of 10-20 Mm above the limb with speeds of 15-20 km s −1 (Berger et al. 2008 ) and much larger "bubbles" or "arches" inflating into prominences. To our knowledge, the small-scale upflows have never been reported in any prior prominence observations going back many decades. This is primarily because they are at or below the typical seeing-degraded spatial resolution achieved with ground-based telescopes, even those with twice the aperture of the SOT. Additionally, the contrast of these structures is low enough that any appreciable atmospheric scattering during the long exposures typical of ground-based observations will make them impossible to discern from the prominence emission. The larger bubbles have been previously observed in groundbased data (Stellmacher & Wiehr 1973) , but their discovery does not seem to have had an impact on the community at the time. More recently, ground-based observations have confirmed the Hinode/SOT re-discovery of large-scale bubbles ascending through prominences (de Toma et al. 2008) showing that these events are not uncommon occurrences.
It is unclear whether earlier Doppler velocity measurements may have detected the presence of the small-scale Hinode/ SOT plume upflows in quiescent prominences. Ground-based Hα Doppler measurements find sporadic upflows in filaments with speeds of 2-5 km s −1 (Schmeider et al. 1988; Martres et al. 1981) . Similarly, Malherbe et al. (1983b) find low-speed upflows in filaments of <0.5 km s −1 . Although much lower than our measured plume speeds, the lower speeds reported in these filament studies may be attributable to low spatiotemporal resolution. Higher resolution Doppler observations of filaments (Lin et al. 2005; Zirker et al. 1998 ) find upflows of 5-20 km s −1 that are more compatible with the SOT plume speeds, but these upflows typically originate at the footpoint of the spine field lines. More intriguing, EUV spectral observations find evidence of blueshifted flows with speeds of 10-15 km s −1 in transitionregion emission lines in the proximity of quiescent filaments (Engvold et al. 1985; Vial et al. 1979; Lites et al. 1976 ). In addition, Mariska et al. (1979) derive non-thermal velocities over a range of transition region temperatures from Skylab EUV spectra and show that the velocities decrease from a maximum of about 30 km s −1 with height in the prominences, compatible with the SOT observations of plumes slowing as they ascend in the prominence. If these observations were definitely attributable to the plumes or bubbles we observe, it would support the hypothesis that the plumes and bubbles are dark in visible bandpasses because they are heated to transition region temperatures. However, the spatial resolution of the spectral observations is far too low to definitively attribute them to the SOT upflows. We conclude that no previous measurements of vertical velocities associated with prominences can be positively identified with the newly discovered plume and/or bubble flows from Hinode/SOT.
There are now several Hinode/SOT data sets showing both the plume and bubble/arch forms of novel prominence motion and it is established that these flows are a common characteristic of quiescent prominences. We emphasize that we have not seen these upflows in any active region prominences in the SOT database to date. Indeed comparison of SOT observations of active region and quiescent prominences makes it clear that these are two very distinct classes of solar prominence topology and dynamics.
The following sections of this paper concentrate on analysis of the small-scale turbulent upflows. In a subsequent paper, we will analyze the larger bubble instabilities in detail. Section 2 presents details of the SOT quiescent prominence observations and data reduction procedures. Section 3 presents the quantitative analysis of the upflows as well as an estimate of the mass contribution of the upflows to prominences. Section 4 presents a hypothesis on the formation mechanism of the flows. We conclude with comments on instrumental requirements for making further progress in the study of these novel prominence dynamics.
OBSERVATIONS
The SOT consists of a 0.5 m diameter Gregorian Optical Telescope Assembly (OTA) capable of diffraction-limited imaging in the wavelength range from 380 to 670 nm (0. 16 to 0. 28 angular resolution) feeding the Focal Plane Package (FPP) suite of instruments. The FPP consists of four instruments: a tunable Lyot filter (the Narrowband Filter Imager, NFI), an interference filter wheel system (the Broadband Filter Imager, BFI), a polarimetric Littrow spectrograph (the Spectropolarimeter, SP), and the Correlation Tracker (CT; Shimizu et al. 2007 ). The NFI and BFI light paths share a common 2048 × 4096 pixel split-frame transfer CCD detector. The CT system allows fixed tracking of a selected region on the solar disk and reduces image jitter from satellite vibrations to 0. 007 (1σ rms). Occasionally, the CT has difficulty tracking the elongated granulation images near the limb. This leads to low-frequency pointing drifts in some prominence time series. The timescales of the drifts are typically tens of minutes. These drifts are corrected by post facto image alignment using cross-correlation of the disk profile in successive images as described below.
For prominence observations the two relevant FPP spectral channels are the Ca ii H line at 396.8 nm in the BFI and the Hα line at 656.3 nm in the NFI. Both of these channels show strong emission above the limb in both active region and quiescent prominences. The Ca ii H-line data are images with a pixel scale of 0. 108 and a typical field of view of 108 × 108 . The Hα images have a pixel scale of 0. 16 and a typical field of view of 160 × 160 . The Lyot filter spectral width in the NFI Hα bandpass is approximately 120 mÅ. Both the Ca ii H-line and Hα images have sharp enough limb profiles to correct the aforementioned CT limb drifts to single-pixel level accuracy.
In the following sections, we analyze three SOT data sets showing the clearest examples of quiescent prominence upflow plumes. Table 1 lists the data sets, the disk position of the prominence, the duration of the observations, the cadence of the imaging sequences used, and the data types obtained. In general, 10-30 s cadence (resulting in a 20-60 s temporal resolution) is required to capture the prominence dynamics discussed in this paper, however there are indications that faster dynamics exist that may require cadences below 10 s. November 28. The PICS image (with origin at disk center) shows that this prominence appeared to be a relatively compact polar crown filament with no particularly interesting characteristics. However, as seen in Figure 1 , the off-limb prominence appears Notes. The coordinates given refer to the center of the SOT field of view. Cadence refers to the mean time between images during the duration of the program. The hexadecimal number in the remarks column is the designation of the FPP program used to obtain the data. to be predominately perpendicular to the line of sight thus affording a clear view of the main plasma sheet and the frequent turbulent upflow events in this prominence. Figure 2 (see also online Animation 2) shows the quiescent prominence observed on 2007 April 25 on the SW limb of the Sun. This prominence did not have as advantageous an orientation on the disk as the 2006 November 30 example above and thus the line of sight into this structure consists of many overlapping layers making the dynamics more difficult to discern. Nevertheless, there is a large upflow event originating in the white dashed box shown in the figure. This prominence was extensively studied in a joint Hinode, SOHO, TRACE, and ground-based observing campaign, the first results of which are reported in Heinzel et al. (2008) . Figure 3 (see also online Animation 3) shows the 2007 August 8 prominence in Hα. This prominence is relatively small and did not appear as a significant filament in the MLSO images on subsequent days, so we have no data on its morphology as a filament. In any case, it is clear from the compact form of the prominence and its disk location that this is a polar crown prominence associated with the northern coronal cavity. As in the 2006 November 30 prominence, the main structure of this prominence appears to be nearly perpendicular to the SOT line of sight and thus it provides clear instances of turbulent upflow plumes. In one case, in particular, the plume is very large and complex making this otherwise unremarkable data set very valuable in studying this new flow phenomenon.
All of the data sets used here underwent similar processing prior to measurement of the dynamic structures. The raw "Level-0" images from the Hinode database are first photometrically corrected using the fg_prep routine from the SOT SolarSoftWare (SSW) library. This produces Level-1 images corrected for pixel shifts, dark pedestal and current, and flatfield non-uniformity for each filtergram in the data set. Following the fg_prep processing, high-frequency spatial structure is enhanced for the Ca ii H-line images by deconvolution with an experimentally determined instrument point-spread function (PSF) kernel. Although this technique introduces more noise in the "deep-space" regions of the off-limb images compared to a simple unsharp masking operation, the fine-scale structure enhancement in the prominence is significantly improved. For the Hα images, we did not have an experimentally determined PSF kernel for deconvolution. For these data, a simple "unsharp masking" was performed, typically by subtracting a smoothed image from the original with a multiplicative factor between 0.3 and 0.5. The smoothed image is created by convolving the original image with a Gaussian kernel with 8 pixel FWHM.
Following sharpening, the individually processed filtergrams are then assembled into time series ("movies") and, if necessary, image-to-image cross-correlation of the solar limb profile is sequentially applied to remove any of the residual low-frequency image drift not corrected by the CT (discussed above).
For the figures above and for the movies shown in the supplemental online material, a "radial density" filter was applied that reduces the intensity of the disk and the spicules as a function of solar radius. This balances the intensity of the disk and the spicules with that of the prominences making it possible to view all structures simultaneously. The radial density filter is a two-step function with a value of 1.0 for radius values greater than the height of the spicules (i.e. 
ANALYSIS
In the following sections, we analyze the three prominence data sets listed in Table 1 to measure the turbulent upflow plume parameters. These parameters are the morphology of the plume as it evolves upwards, the temporal velocity profile of the plume head, the area growth of the plume versus time, and the contrast of the plume against the main prominence plasma sheet versus time. Here we demonstrate the morphology of typical prominence plumes, pointing out the common characteristics of origin, shape, and evolution for these objects.
Although plumes are generally dark, their contrast against the bright prominence plasma is often low due to instrumental resolution and scattering, and occasional line-of-sight obscurations due to prominence orientation on the disk. This makes automated detection and characterization difficult and generally inaccurate. Therefore, we used two measurement techniques to characterize the flows: a manual technique in which each plume event is traced by hand in every image in the time series, and the Nonlinear Affine Velocity Estimator (NAVE) optical flow tracking code (Chae & Sakurai 2008 ). The manual technique has the advantage of giving accurate morphology, area, and growth rate measurements as well as plume head velocity and acceleration measurements. However, it suffers from user-input subjectivity; the evolution of the plumes is complex and deciding whether a dark region that suddenly appears in a movie frame corresponds to either the plume under examination, to a following plume, or to a tearing event in the prominence sheet itself is often very difficult. In contrast, the NAVE measurements are fully automated but can only give information at specific fixed grid points in the flowfield. The plumes are small-scale structures and they evolve in complex ways, but they are generally large enough to have several grid points spanning the flow. Thus, the NAVE code is able to measure plume head velocities with good accuracy.
Plume Morphology and Lifetime
Figure 5 (see also online Animations 4a and 4b) demonstrates the evolution of Plume 1 from the 2006 November 30 data set as it appears in the Ca ii H-line channel (396.8 nm). Note that the plume develops from a dark "cavity" region below the main prominence material. This is a common characteristic in many of the prominence plumes we observe. The dark cavity region in this case evolves significantly in shape during the course of the plume's lifetime, but is always present. Also evident is the formation of a following plume (Plume 2) from the same cavity starting in about Frame 678. The fact that plumes usually originate from dark cavities in prominences is a key finding that will be discussed further. The initial plume width above the dark cavity is approximately 1 Mm.
As shown in Figure 5 , typical prominence plumes maintain attachment to the dark cavity as they inflate into the prominence. At some point, however, all plumes break away from the cavity and continue ascending into the prominence. For Plume 1, the break-away point is Frame 676 meaning that the connection to the cavity is maintained for approximately 4 minutes. During this initial "inflation" period the plume morphology is relatively simple: the plume appears as nearly linear protrusion into the prominence, with typical onset of Kelvin-Helmholtz (KH) instability leading to turbulent structure in the shear flow boundary layer of the plume edges. Following the disconnection from the cavity in Frame 676, the plume decelerates and develops a classic "mushroom cloud" appearance with material entrained into the plume head vortex. In the case of Plume 1 the head vortex achieves a maximum diameter of approximately 2250 km before breaking apart, while the width of the plume "stems" varies from approximately 180 to 750 km (Berger et al. 2008 ). Plume 1 is still visible in Frame 686 (not shown in Figure 5 ) but fades soon afterwards. The lifetime of the plume is thus approximately 480 s (8 minutes) from its original generation from the cavity region to the final fading of the plume head into the prominence background. Figure 6 (see also online Animation 5) shows most of the evolution of Plume 2 from the 2006 November 30 data set as it appears in the Ca ii H-line channel. As noted, this plume originated from the same cavity as Plume 1. The initial size of the plume as it emerges from the cavity is smaller than the previous plume at approximately 0.5 Mm. However, this particular plume grows rapidly and shows perhaps the clearest formation of a bright arch ahead of the starting region, indicated by the red arrow in Frame 680 and persisting until about Frame 684 (2 minutes later). Note that the arch outlines mostly the upper left side of the plume head, while the NAVE velocity arrows show that this is the direction of flow in the area of the plume head. NAVE measurements give flow speeds toward the bright arch between 27.3 and 32.5 km s −1 . Assuming the prominence temperature is 7000 K (Hirayama 1985) , the perfect gas (γ = 5/3) sound speed is approximately 14 km s −1 , showing that the initial plume head velocity is supersonic. Thus, the bright arch surrounding the plume starting head is most likely evidence of bow-shock compression. Evidence of bow-shock formation is seen in many of the plumes studied.
Unlike Plume 1, Plume 2 disconnects from the cavity relatively rapidly, appearing to be free floating in Frame 686 (136 s after initiation). This may explain why it does not develop a clear leading edge vortex head, or "mushroom cloud," formation as in Plume 1. It also fades more rapidly to background intensity, with an approximate lifetime of 374 s (∼6 minutes). However, it still shows evidence of highly turbulent flow, with the plume stem kinking strongly in Frame 688. The plume stem also seems to "fracture" in Frame 690 and thereafter the plume rises pri- marily as a flattened "bubble" rather than a starting plume. The maximum width of the detached plume head, or bubble, in this case is approximately 2500 km. Figure 7 (see also online Animation 6) shows most of the evolution of Plume 3 from the 2006 November 30 data set as it appears in the Ca ii H-line channel. The starting configuration in Frame 1052 is similar to the other plumes, including evidence of bow-shock formation on the upper right side of the plume. The initial width of the plume as it emerges from the dark cavity is approximately 1 Mm. Thereafter, this plume develops very extensive turbulent structure including fracturing into several smaller structures during the ascent phase. This example is included to show that many plumes do not have the classic "mushroom" topology of Plume 1.
Plume 3 appears to disconnect from the cavity in Frame 1060 (not shown in the figure), approximately 130 s after initiation in Frame 1052. This plume was very large compared to Plumes 1 and 2 and evolved with much more complexity in form. Frame 1070 also shows that a follow-on plume developed very close to the plume, traveling parallel to the main body and possibly merging into it in Frame 1079. Another follow-on plume is seen to initiate in Frame 1076 below the main plume and rapidly rises into the base of the plume by Frame 1082. It is still rising in the last frame of Figure 7 and can be seen as the elongated dark void below the separating remnants of the main plume. This sequence emphasizes the common occurrence of followon plumes from the same cavity seen in this and many other quiescent prominences in the Hinode database.
Tracking of Plume 3 stops in Frame 1087 at a height of approximately 15 Mm above the reference level. Various dark voids from the breakup of the plume continue to rise after this frame, but they are independent and cannot be selected as a single object by the manual tracing technique. Figure 8 shows that the plume initiates from a 0.5 Mm initial "bubble" at approximately 13:21 UT. In contrast to the previous examples, a larger cavity below the plume is not visible; this may be due to the less advantageous line of sight to this prominence. The manual tracking of the plume started in Frame 76 (13:23:21 UT) and continued until Frame 116 (13:33:22 UT) giving a plume lifetime of 601 s (10 minutes). In the 10 minute lifetime of the plume, the initial bubble expands to a very complex dual-lobed structure approximately 4 Mm in width that rises to approximately 8 Mm above the reference level (which is 6.15 Mm above the Hα limb) before fading into the background intensity. The mean speed implied by this measurement is 12.7 km s −1 . We also note that for this prominence we have an interleaved Ca ii H-line time series that shows the plume characteristics to be identical to those seen in the Hα time series with the exception of a much lower contrast; there is no . Note that only every third frame is shown for brevity and that only every sixth frame has the manual plume outlines, allowing the reader to judge the success of the manual method in tracing these complex structures. Note that pre-existing plumes in the prominence (e.g., Frame 1064 to the upper left of the plume) or follow-on plumes can be easily confused with the plume being tracked.
(A color version and an animation of this figure are available in the online journal.) difference in the kinematics seen in the Hα time series relative to the Ca ii H-line time series. It is not understood why this prominence appears so much weaker in Ca ii H-line than, e.g., the 2006 November 30 prominence which used the same 0.307 s exposure time for the Ca ii H-line filtergrams. Figure 9 (see also online Animation 8) shows a series of sub-images taken from the 2007 August 8 data set in which a very complex plume is seen in the Hα line. As in the 2007 April 25 plume, this plume apparently originated from a small cavity that grew rapidly in volume. The initial bubble width in this case was approximately 1.6 Mm (Frame 287). The plume initially develops as a fairly monolithic columnar structure with turbulent structure developing on the boundary. From about Frame 322 the plume column develops a deep intrusion which results in the plume "pinching" to an upper plume connected to a lower structure by a thin neck. This necked structure remains connected to the lower boundary until about Frame 338 when the structure disconnects, possibly induced by the follow-on plume clearly visible in Frame 339 as a dark inclusion in the image. Simultaneously, the upper plume head begins to "drain" downward on the left so that by Frame 346 the plume appears to have a dual-stem structure while continuing to rise into the prominence. By about Frame 361, the plume has lost most of the stem structure and appears to be a late-stage bubble that does not rise much higher into the prominence.
Tracking of this plume stopped in Frame 376 at a maximum height of about 17 Mm above the reference level. As in Plume 2 from the 2006 November 30 data set above, various independent dark voids or bubbles can be seen continuing to rise after this time, but they are too fragmented to trace. The final width of the plume head was approximately 6 Mm in Frame 376 giving an expansion factor of 3.75 relative to the initial bubble width and making it one of the largest prominence plumes in the Hinode/ SOT database.
Another sequence in this prominence data set illustrates the morphology of plume formation as it relates to cavity dynamics. Figure 10(a) shows the evolution of a cavity that grows into the far left side of the prominence shown in Figure 3 . The cavity boundary, with an initial span of about 2.5 Mm visible above the spicules, is initially a smooth arc (Frame 634). In Frame 699, the boundary begins to show evidence of clear distortions that subsequently lead to the formation of a "plume bud" in Frame 707. This bud subsequently develops into a fully formed plume by Frame 719. The characteristic "wavelength" of the initial instability is somewhat less than 1 Mm, with the smallest indentations measuring approximately 0.2-0.5 Mm (200-500 km). The time between first evidence of the instability and plume bud formation is approximately 120 s and fully formed plumes are evident in another 120 s after the first bud forms. Plume formation from perturbations on cavity 
Plume Speed and Area Measurements
The definition of plume velocity is complicated by the highly turbulent nature of the flows. As demonstrated in the previous section, prominence plumes are initially trans-or supersonic, turbulent flows that can develop complex forms as they rise into the main body of the prominence. Thus, it is often difficult to assign a single velocity to the evolving structure of a plume. A simpler measure is to track either the plume top or the plume centroid as a function of time and plot the resulting displacement curve, the slope of which gives the instantaneous speed at any time. We find that the plume top displacement method results in measured speeds that agree most closely with the results from the independent NAVE flow tracking results. Since the morphology of the plumes is always changing, we define the plume "top" as the average of the highest 2% of pixels tracing the plume. This smoothes out the variations from the often rapid formation of vortex head structure or other offshoots from the plume. (21,000 km 2 s −1 ). Figure 12 shows the displacement and area growth plots for the complex plumes shown in Figures 8 and 9 . These plumes both show slightly lower mean speeds of 12.7 and 12.6 km s significantly larger than the 2006 November 30 examples. This particular upflow is the largest and most complex plume seen in the SOT data set to date. The second-order least-squares fits to the measured plume displacements as well as the mean speeds and maximum NAVE speeds (see Section 3.3) are compiled in Table 2 .
Another method of quantifying plume propagation is through "time-slice" images taken at various heights above the plume initiation level. Figure 13 shows such time-slice images of the plume in Figure 9 and the following plumes from the same initial location. The slices are taken at vertical locations demarcated by the horizontal white lines in Frame 288 of Figure 9 at heights of 5.2, 8.1, 12.2, and 14.5 Mm above the limb (note that the spicules typically reach up to about 5 Mm above the limb so the first cut is just above this level). The lower red dashed line in the figure connects the first appearance of the plume in each time slice and indicates an approximate mean rise speed of 14.7 km s −1 , about 2 km s −1 faster than the value measured from the manual traces of the plume. The upper red dashed line traces the appearance of the first follow-on plume and indicates a slower rise speed of 12.0 km s −1 . Also clearly shown in Figure 13 are the strong lateral flows of plasma that are often seen near the bases of highly filamentary quiescent prominences. The black dashed line in the figure traces one of the typical lateral flows. The slope implies a horizontal speed of 17.6 km s −1 , somewhat faster than the estimated rise speed of the plumes. Slice 2 shows entrainment of flow by the plume, evidenced by the lateral flows curving "around" the plume from the right in the time slice. Slice 3 shows the typical breakup of the plume into five separate structures propagating upward, only two of which are still propagating in Slice 4. Note that the follow-on plumes visible in Slice 1 do not penetrate much beyond Slice 3 (approximately 9 Mm above Slice 1) possibly due to the notably smaller size of the initial "bubbles" from which the plumes develop in Slice 1.
NAVE Flowfield Measurements
The NAVE flowfield measurements of prominences were made using the IDL procedure nave.pro written by J. Chae (Chae & Sakurai 2008) . A uniform grid with a 5-10 pixel (approximately 0.4-0.8 Mm) separation in both x-and y-directions was chosen for the measurement points (the 5 pixel grid was used for the 2007 August 8 data set because of Examination of the NAVE flowfield measurements for the 2006 November 30 data set verifies that the highest speeds are measured at the initiation of the plumes with lower speeds near the end. However, the speeds measured at the heads of the plumes tend to be slightly lower than those inferred by the manual tracing method. In the case of Plume 1 shown in Figure 5 , the highest speed measured by the NAVE code is 20.0 km s −1 in Frame 666 about 1 minute after plume initiation, whereas the manual tracing displacements (Figure 11(a) ) imply a maximum speed of 29.4 km s −1 (approximately Mach 2). Similarly for Plume 2, the maximum measured NAVE speed is 25.0, just slightly lower than the maximum 25.1 km s −1 measured with the manual method. However, Plume 3 NAVE speeds are significantly lower than the manually measured speeds throughout the entire life of the plume. The maximum NAVE speed measured for this plume is 12.5 km s −1 in Frame 1071, 4 minutes into the plume formation. In contrast, the manual displacement measurements imply a maximum speed at the initiation of the plume of 29.2 km s −1 . In addition, most of the NAVE velocities surrounding this plume are downflows. The relative size and complexity of this plume compared to the Plumes 1 and 2 seem to introduce difficulties in the NAVE tracking algorithm.
The 2007 April 25 NAVE flowfield measurements confirm the general findings above. The highest speed measured by the NAVE code is 24.3 km s −1 in Frame 80, approximately 60 s after plume initiation. In comparison the manual trace shows a maximum speed of 27.3 km s −1 in Frame 78, immediately following plume initiation. This plume was characterized by a much more consistent upflow pattern in the NAVE measurements; throughout the plume formation and evolution the predominate flow direction both in and around the plume was upward. In contrast, the NAVE flowfields around the smaller plumes in the 2006 November 30 data set often exhibited downflows immediately adjacent to the plumes. This may demonstrate that the larger plumes such as this one are entraining prominence plasma to a larger degree then the smaller plumes from the 2006 November 30 data set. It is also noteworthy that this prominence did not show as many pronounced downflows as the 2006 November 30 prominence, perhaps because of view angle differences or perhaps because this prominence was draining slower. By the end of the major plume evolution in approximately Frame 114, the NAVE speeds below the plume are still predominately upward but the levels drop to between 1.4 and 9 km s −1 and there are downflows just above the plume. These downflows apparently counter the upflows below the plume and aid in stopping the plume ascent.
The NAVE flowfield measurements for the 2007 August 8 data set similarly show fastest speeds in the early phases of plume formation. The maximum measured speed is 27.3 km s −1 in Frame 293, approximately 60 s after plume initiation. In comparison, the manual measurements show a maximum speed of 29.7 km s −1 about 4.3 minutes after plume initiation. The difference in the time of occurrence of maximum speed between the NAVE measurements and the manual measurements probably has to do with the location of the measurements. The NAVE speeds are measured on a fixed grid with 5 pixel separation between points, while the manual measurements are made with granularity at the 1 pixel level. The maximum NAVE speeds are also typically found ahead of the actual plume, whereas the manual measurements are always taken directly at the topmost plume pixels. Thus, the maximum speeds may differ in both space and time locations. However, as in the previous plume examples, the differences are all less than a few km s −1 , i.e., only one to two times the intrinsic measurement error of the NAVE code for these flows and less than 10% of the maximum speeds.
As mentioned above, the maximum NAVE speeds are measured at positions one or two grid points above the visible plume.
This implies that material is being pushed ahead of the plume impulse. In addition, it is common for the plumes to encounter strong downflows or lateral flows during their ascent phases. These counter flows lead to the more complex morphology and breakup events seen in the plumes' evolution. The final ascent stages are also commonly accompanied by stagnating or downflowing speeds above the plume indicating that the maximum height achieved by any one plume is a function of both the initial buoyancy and the surrounding flowfield.
A final way to visualize the NAVE flowfield is through the use of "corks," or passive "tracer particles" arrayed across the image and then evolved at each time step in the image series according to the nearest neighboring NAVE velocity vector. Figure 14 (see also online animation) shows a series of "cork flow" images derived from the 2006 November 30 NAVE flowfield discussed above. In this case, the starting configuration was an approximation of the prominence shape at the start of the time series; each pixel with an intensity greater than 25 DN was assigned a particle that was subsequently tracked through the time series. Figure 14 shows that the corks flow into fairly long strings with a predominately vertical orientation within the first hour of the time series. Most of the vertical strings are associated with downflows in the prominence. There are also fairly regular largescale vortex flows in the prominence that result in the lateral displacement of corks and the creation of roughly horizontal "strings" of corks over time. In addition, the upflow plumes impart significant upward velocities to the corks, impelling most of the corks that fall to the bottom of the grid system back into the prominence. Thus, in the final frame of Figure 14 
Plume Contrast Measurements
Plume contrast is a difficult quantity to measure accurately. Both the spatial resolution limitation of the SOT telescope and instrumental scattering within the telescope and the FPP contribute to blending the plume and prominence plasma intensities, especially in the smaller details of the plumes. Also, at the resolution of the SOT, it is often difficult to define a purely "bright" prominence area that does not have dark voids due to plumes and/or downflow streams. Thus, the values reported here should be considered lower bounds; future higher resolution instruments may well find higher absolute contrast (darker) plumes. In addition, the manual method used to define and track the plumes is by definition based on tracing dark areas that maintain approximately the same contrast over their tracking period. Thus, when the plumes fade into the background tracking is suspended and that plume's lifetime is set. This "visual bias" in the method leads to contrast values that are relatively constant over the plumes defined lifetime; it is possible that very low contrast material continues to move upwards after the manual tracking has terminated but the method cannot account for this.
Plume contrast is defined for frame i of the time series by C i = Ca ii H-line data set. Plumes 1 and 2 show the "expected" behavior in that they initially darken and then generally decrease in negative contrast as they rise and blend into the prominence. Plume 3, however, shows continual darkening throughout its evolution. This plume is larger and more complex than the previous two and may thus be showing the effects of breaking into several small darker "bubbles" on its way up into the prominence.
The 2007 April 25 and 2007 August 8 plumes are both large and complex plumes as well. However, they exhibit the expected contrast profile in that they initially darken and then progressively fade into the surrounding plasma. Note that the absolute contrast in Hα is somewhat higher than that in Ca ii H-line. The general characteristic seems to be that smaller plumes in Ca ii H-line have a maximum absolute contrast of 10%-12%, larger plumes in Ca ii H-line have a maximum absolute contrast of 40%-50%, and plumes in Hα tend to have maximum absolute contrast values in the range of 50%-70%. The latter values are quite large and should be easily measurable from ground-based telescopes with sufficient spatial and temporal resolution to see prominence plumes.
Plume Frequency
Plume formation in all prominences is highly intermittent, showing no clear spatial regularity or temporal periodicity. However, we find that when a certain location beneath a plumeforming quiescent prominence initiates a plume, that plume is often followed by several more at somewhat regular intervals.
Thus, there are "active locations" beneath prominences that seem to form plumes for an extended period of time before becoming inactive again. The time slice image in Figure 13 shows this effect well. In the leftmost Slice 1, there are five identifiable larger dark voids indicating separate plume events in succession. However, in the higher altitude Slice 2 the number has decreased to four, and in still higher Slice 3 there is evidence of only perhaps two plumes. This particular plume site remains active for approximately 2000 s (∼33 minutes) with plumes occurring roughly every 500 s. Note also that the successive plumes in Slice 1 are generally smaller than the original plume and reach lower maximum heights. This characteristic (large initial plume followed by smaller ones) is found in many prominence plume groups. We find only occasional evidence of "precursor" plumes (small plumes that precede larger ones in the same location). Figure 16 shows a time slice taken through an active plume region in the 2006 November 30 prominence shown in Figure 1 . The yellow vertical lines outline a single series of plumes that begin around 04:00 UT and continue for approximately 2500 s (42 minutes). Note that the plume source is displaced laterally (upward in the figure) over the period. The black dashed line traces the mean lateral flow in the prominence (similar to the one denoted with a black dashed line in Figure 13 ) giving a speed of approximately 8 km s −1 . The shorter white lines demarcate the starting times of individual plumes in the series. It is somewhat difficult to differentiate plumes in a time slice when they overlap in time, but as a rough approximation, the figure shows that plumes are launched at intervals from 300 to 500 s, a range which is compatible with the data from Figure 13 .
Also notable in Figure 16 is the very extensive series of plumes starting in the lower half of the time slice around t = 2800 s. This series of plumes continues until the end of the sample time at 05:39:12 UT and includes many more individual small plumes than seen in the prior series discussed above. In fact, although the prior region is displaced laterally from this large region, this series may be a continuation of the earlier one with the spatial displacement due to a large-scale lateral oscillation of the prominence with a wavelength of about 5-7 Mm and a period of approximately 4000 s (67 minutes). The red dashed curve in the figure suggests the sinusoidal nature of this large-scale "sloshing" motion of the prominence. It is not clear what causes this large-scale lateral oscillation of the prominence. The qualitative analysis shown here emphasizes that prominence plume formation is irregular in both space and time. Given the difficulty in observing the plumes in the first place, it will be some time before a large enough database of events sufficient for statistical analysis is collected.
Plume Density Estimate
We can make a density estimate using the absorption and emissivity blocking measurements of an observed cavity in the 2007 April 25 prominence (Figure 2) by Heinzel et al. (2008) . While this is only a single measurement, as mentioned in Section 3.1 most plumes originate from dark cavities below prominences and the properties of plumes do not show a large dispersion of values. Thus, we assume that the emissivity measurement of the small cavity (or perhaps large plume) can be used to infer the "typical" density of other plumes as well.
In the Heinzel et al. (2008) study, the optical depths in Hα, τ 6563 , and in the Fe xii 195 Å bandpasses of the TRACE and Hinode/EIS instruments, τ 195 , were established at several points in the prominence. Making assumptions on atomic abundances and cross sections as discussed in Anzer & Heinzel (2005) , the hydrogen column density is then derived from the EUV optical depth as N H = 10 19 τ 195 /(2 − 0.8i), where i is the ionization degree of hydrogen. One of the points in the measurement matrix of the study was fortuitously centered in the large cavity that expanded into the prominence (shown by the white dashed box in Figure 2 ) around 13:19 UT. The results (see Table 2 of Heinzel et al. 2008) show that the ratio of τ 195 in the cavity to that of "Point 7" in the main prominence body above the region is 0.17/0.83 = 0.20. Assuming that i in the cavity and the prominence body are comparable, the optical depth ratio implies that the hydrogen column density ratio is also 0.2. Further assuming that the thickness along the line of sight of the cavity and the prominence are comparable, the mass density in the rising cavity is approximately 20% of the prominence density. We note that the measurement of Heinzel et al. (2008) cannot distinguish background EUV coronal or prominence emission shining through the cavity from any internal emissivity in the cavity. Such background contamination would result in an overestimate of the cavity column density thus making our plume density estimate an upper limit to the true value. Similarly any relaxation of the thickness assumption to take into account a possibly more spherical plume geometry would result in a yet lower mass density in the cavity relative to the prominence.
Next we assume typical quiescent prominence plasma characteristics from Hirayama (1986) : temperature T 0 = 7000 K, electron number density n e,0 = 8.4 × 10 16 m −3 (8.4 × 10 10 cm −3 ), ionization fraction f 0 = 0.2, He/H ratio = 0.1, and mean thickness of 1 Mm. The resulting static gas pressure is P 0 = 0.06 Pa (0.6 dyne cm −2 ) and the mass density is ρ 0 = 10 −9 kg m −3 (10 −12 g cm −3 ). Assuming a simplified geometry in which a hypothetical quiescent prominence based on the 2006 November 30 prominence (Figure 1 ) is exactly 90
• to the line of sight with length, height, and thickness on the order of 60 Mm, 20 Mm, and 1 Mm, respectively, the total visible prominence volume is approximately 1.2 × 10 21 m 3 with an approximate mass of 1.2 × 10 12 kg. Assuming a density ratio of 0.2, the mass density in the plumes is approximately 2 × 10 −10 kg m −3 (2 × 10 −13 g cm −3 ). Taking as an upper limit on plume area the average maximum width times the average maximum height (see Table 3 ), and assuming a 1 Mm thickness equal to the prominence value, the typical plume volume is 6 × 10 19 m 3 giving a mass of 1.2 × 10 10 kg, or 1% of the prominence mass computed above. This is an upper limit since the assumed density is an upper limit as explained above.
Summary of Plume Characteristics
The basic characteristics of quiescent prominence plumes are summarized in Table 3 . We note that detailed measurements have only been carried out on five samples from the Hinode database and that all samples are from prominences observed in the waning months of Solar Cycle 23. This is due to the relative rarity of prominence observations in the Hinode/SOT database and the fact that not all quiescent prominences are observed to generate upflows (possibly due to line-of-sight effects). Thus, we cannot claim that the characteristics listed here encompass the full range of prominence upflows. Nevertheless, the five plumes studied here did not differ much in their basic form or size; there is thus reason to believe that we have observed the typical range of quiescent prominence plume characteristics.
DISCUSSION
It is of obvious interest to determine the physical mechanism behind these novel prominence plume flows. To that end, we summarize in Figure 17 the typical formation sequence originally shown in Figure 10 . The main characteristics of the sequence are as follows.
1. A dark cavity emerges from below the prominence and usually stagnates at some height a few Mm above the visible spicule layer. 2. The boundary of the cavity subsequently develops smallscale perturbations, some of which go unstable to form vertical upflows. 3. The upflows develop into plumes that rise with nearly constant speeds and areal growth rates, eventually decelerating to equilibrium in the body of the prominence 10-20 Mm above the limb. 4. During their ascents, the plumes typically become turbulent, undergoing KH vortex formation on the plume boundary, and visibly entraining and pushing prominence plasma upward.
The Heinzel et al. (2008) measurement of a significant density deficit relative to the overlying prominence in a typical cavity, the formation of instabilities along the cavity/prominence boundary leading to plume formation, and the ensuing constantspeed turbulent ascent profiles are all consistent with the hypothesis that the small-scale upflows are buoyant starting plumes (Turner 1973 ) generated from a Rayleigh-Taylor (RT) instability on the cavity/prominence interface. We recognize that in contrast to the classical hydrodynamic RT instability the fluids involved here are partially ionized plasmas in magnetic fields. Objections to the hypothesis thus tend to develop along two arguments: first, the plasma β of quiescent prominences is typically less than one 5 thus any flows must follow the presumed horizontal magnetic field lines of the prominence. Second, magnetic tension forces in the horizontal prominence field lines After some vertical growth of the cavity, perturbations appear on the boundary. The typical scale of the perturbations is less than 1 Mm. The illustration also shows how some downflow streams may be deflected sideways the dark cavities. (c) One or more of the perturbations grow nonlinearly to form a rapidly ascending plume. The strong upflow advects prominence plasma ahead of the plume. Note that this is an idealized sequence that not all plumes exhibit: often the cavity is already unstable when it becomes visible; sometimes plumes appear directly from the spicule forest with no visible cavity, etc.
(A color version of this figure is available in the online journal.)
suppress the RT instability; thus, the instability can only occur if the magnetic field is perpendicular to the prominence in contradiction to the prevailing measurements. The plasma-β objection is addressed by two empirical points. First, the RT instability is known to occur in the low β, partially ionized, plasma of the Earth's ionosphere. In particular, the "Equatorial Spread-F" (ESF) instability develops on the lower boundary of the F-layer of the ionosphere at equatorial latitudes and generates plasma "bubbles" that extend, or "spread" the F-layer upwards (Fritts et al. 2009; Takahashi et al. 2009 ). Density perturbations due to convection apparently generate atmospheric gravity waves to provide the initial perturbations to the layer boundary that then goes unstable to form RT plasma plumes. These plumes propagate vertically, perpendicular to the prevailing horizontal magnetic field lines in the equatorial region. Since solar prominences are also low β, partially ionized, plasma systems it is not implausible that similar RT instability mechanisms may work in these objects as well.
Second, although it is common to assign the vector magnetic field measurements to the entire prominence, these measurements are typically made using coronagraph instrumentation. Thus, as pointed out in, e.g., Leroy et al. (1984) , the measurements are valid only for heights above about 15 Mm from the limb. This is above most of the plume-forming regions we observe in this study. In addition, models of prominence fields based on twisted flux rope topologies typically show the main prominence fields at some distance above the photosphere with a very weak field region below (see, e.g., Low & Hundhausen 1995, Figure 11c ). Thus, it is conceivable that the region of the prominences where we observe plume formation and propagation is this "sub-axial" or "sub-spine" region in which the magnetic field may be very weak or even zero. In such conditions, the observed plasma may not be in a low-β condition and a relatively small pressure gradient due, e.g., to buoyancy may easily overcome the Lorentz forces in this region.
Regarding the effect of the prominence magnetic field on the RT instability, Chandrasekhar (1961) shows that the tension force of a horizontal magnetic field (i.e., perpendicular to gravity and the density gradient in the system) does not fully suppress the instability. Rather tension forces modify the critical wave number at which perturbations go unstable. For example, it is shown that if k is the wave vector of a given perturbation with wavelength λ, where k = 2π/λ, and B is the magnetic field, then for k · B = 0 the magnetic field has no effect and all wave numbers are unstable in the presence of a positive density gradient, just as in the purely hydrodynamic case. However, for k · B = 0 there will be some wave numbers which are stabilized by the field tension. To see this, assume that the coordinate system is defined so that B = B xx , k = k xx + k yŷ , gravity g = gẑ, and ρ(z) = (ρ 2 − ρ 1 )δ(z − z s ), wherex,ŷ, andẑ are unit vectors and z s is the location of the density discontinuity where ρ = ρ 2 > ρ 1 for all z > z s . Then for all velocity perturbations of the form δv ∼ e ik·x+nt , the MHD equations result in a solution for the temporal exponent of
where the Atwood number A ≡ (ρ 2 − ρ 1 )/(ρ 2 + ρ 1 ), g is the acceleration of gravity, and Chandrasekhar 1961, Section 97, Equation (234) ). Using k x = k cos θ , where θ is the angle between the magnetic field and the wave vector of the perturbation, this expression can be cast into the same form as the purely hydrodynamic RT instability problem with surface tension forces included:
where T m = (B cos θ ) 2 /μ 0 is the magnetic tension force due to the component of the magnetic field in the direction of the wave vector. Equation (2) shows that for A > 0 all wave numbers for which 0 < k < k c will be unstable where
This shows that the magnetic field stabilizes all shorter wavelength perturbations, but for wavelengths longer than λ c = 2π/k c there will still be amplification and instability for any angle θ . For B → ∞, k c → 0 and all wavelengths are stabilized as expected. Also as noted above, for θ = 90 • , i.e., k · B = 0, k c → ∞ and all wavelengths are unstable. Thus, except for the addition of a directional tension force, a horizontal magnetic field does not prevent the RT instability from taking place for certain perturbation wavelengths. Moreover, in the presence of a sheared field, i.e., one for which B(z) = B cos θ (z)x + B sin θ (z)ŷ, a given perturbation wave vector will evidently experience a range of k c values as a function of z. Only those values of k < k c (z) for all z in the relevant domain will propagate as instabilities. This may explain why plumes do not vary much in initial size at a given location in a prominence. It would be interesting to investigate whether differences in magnetic field strengths and/or shear angles correlate with the observed differences in plume dynamics, with some prominences producing many small plumes while others produce only large cavities and/or isolated large plumes.
We note that the most of the plumes in the SOT database are not accompanied by symmetric downflows, as are often seen in classical RT instability examples. We do sometimes find some minor downflows initiated at the boundary, but they are never as significant as the plume upflows. This observation has been used to call into question whether the RT instability can be the source of the plumes. However, the RT instability can occur for the full range of Atwood numbers from A ∼ 0 to A ∼ 1. The A ∼ 0 limit produces the classic symmetric upflow and downflow plumes. But in the limit A → 1, or ρ 2 ρ 1 , the so-called "bubble limit" is reached in which the lower density gas penetrates the overlying gas in the form of bubbles with little or no accompanying "downward bubbles" (Sharp 1984) . These systems experience a gradual "collapse" of the density gradient as the lower density system is "deflated" by bubble release, similar to what we observe in the gradual collapse of some prominence cavities over time. Using the density estimate from Section 3.6, the Atwood number of the prominence plume systems is estimated as A prom ∼ 0.7 showing that the system is indeed closer to the bubble limit where symmetric upflows and downflows are not expected.
While our buoyancy instability hypothesis can account for the observed cavity and plume dynamics, it leaves the origin of the cavity buoyancy unexplained. There are two plausible mechanisms for initiating buoyancy in a localized volume in the solar atmosphere: one, magnetic flux concentration leading to "magnetic pressure evacuation" of the volume; and two, adiabatic expansion following an impulsive heating of the volume. Of course a combination of both mechanisms may be occurring to some degree.
Support for the flux concentration mechanism is found in recent high-resolution vector magnetic field observations of prominences on the disk (Okamoto et al. 2009; Lites et al. 2010) . These Hinode/SOT measurements show that the pattern of flux emergence in the so-called "filament channel" below a prominence is consistent with a buoyant twisted magnetic flux rope rising from the convection zone. In fact, in the observations of Okamoto et al. (2009) the flux is seen to emerge below a pre-existing filament with little or no disruption of the largescale filament structure, reminiscent of the observations here in which cavities such as the one shown in Figure 2 can rise into prominences and cause only temporary local disruption of the prominence structure.
As an alternative to the emerging flux model, the buoyancy source may be due primarily to magnetic reconnection in the photosphere or lower chromosphere leading to rapid localized joule heating of a plasma volume. This volume would then experience adiabatic expansion as thermal conduction to the surrounding prominence plasma is inhibited by the magnetic field and inefficient radiative losses. Magnetic reconnection is a plausible mechanism because, like plume formation, it occurs episodically below quiescent prominences as the photospheric flowfield brings opposite-polarity magnetic elements randomly into contact at the PIL. In addition, the large bubble event shown in de Toma et al. (2008) includes the intriguing observation of a very bright kernel of emission in the center of the bubble. This bright kernel fades as the bubble rises into the prominence above and is thus compatible with the observation of an impulsive initial heating event leading to expansion of the bubble volume. 6 We note that this mechanism does not preclude the existence of magnetic flux in the cavity, but assumes that thermal heating supplies most of the buoyancy impulse to the system. Supporting evidence for this thermal buoyancy hypothesis is found in numerical MHD simulations of realistic chromospheric and coronal atmospheres. For example, Martínez-Sykora et al. (2009) perform a simulation of the emergence of a large helical flux rope from the convection zone into the corona, calculating the number density of Ca ii ions and using non-gray/nonlocal thermodynamic equilibrium radiative transfer to create simulated Ca ii H-line filtergrams similar to the ones obtained by the Hinode/SOT instrument. Notably, in the latter phases of the simulation, after the flux rope has emerged, a small dark bubble rises through the calculation domain with a relatively constant speed of about 10 km s −1 to a height of 5-6 Mm above the photosphere. The bubble is less dense than the surrounding chromosphere, about 1-2 Mm in size, and most relevant to this discussion, contains less magnetic flux than the surrounding plasma. Investigation of this strange "non-magnetic" bubble event is ongoing but it does indicate that a purely thermal mechanism may be a plausible source of buoyancy in the lower chromosphere.
Finally, we note that it is possible for magnetic buoyancy instabilities to occur even in the absence of a density inversion. Non-adiabatic effects such as relatively fast radiative cooling of chromospheric plasma compared to the timescale of magnetic diffusion adds the possibility of so-called "double-diffusive instabilities" (Hughes & Weiss 1995) . Such instabilities have been posited as the means to destabilize fields within the solar interior (Gilman 1970 ) and demonstrated to be a factor in flux emergence through the photosphere (Leake & Arber 2006) . We are currently carrying out numerical simulations of buoyantly driven plumes in prominence-like magnetic systems under these double-diffusive conditions (Hurlburt & Berger 2010 ). This effect may explain instances of spontaneous plume formation where no associated cavity structure can be discerned.
We close this discussion with a brief comparison of the quiescent prominence plume phenomenon to other examples of plasma instabilities. In solar physics, Isobe et al. (2006) have shown that the RT instability is likely the origin of filamentary structure in emerging flux systems. In a situation analogous to the emerging flux hypothesis for the prominence cavities, they show that flux ropes rising buoyantly into the chromosphere create a density inversion that goes unstable to form uprising loops and downflowing drainage of the denser cooler plasma. The RT instability is also theorized to be the source of interstellar plumes of the magnetic field between gravitationally sinking "thermal gas" clouds (Parker 1966) . Both of these examples involve low Atwood numbers and thus show nearly symmetric downflow and upflow systems occurring simultaneously.
In the terrestrial realm, the ESF phenomenon mentioned above offers intriguing similarities to the prominence plume flows. Further study of this phenomenon may provide insight into the prominence plume phenomenon; e.g., a link between MHD waves initiated by photospheric convection and the initial development of perturbations on the cavity boundaries is an intriguing possibility. Another low-β magnetic buoyancy instability is found in the "bursty bulk flow" events in the terrestrial magnetosphere (Chen & Wolf 1999) . Here evacuated magnetic flux ropes in the magnetotail undergo sudden instability resulting in "bubbles" of flux traveling earthward.
CONCLUSION
We have measured the primary structural, dynamic, and radiative characteristics of the newly discovered dark turbulent upflow plumes in quiescent solar prominences. Evidence of cavity buoyancy combined with the observed flow characteristics of the cavities and plumes leads us to hypothesize that the newly discovered plumes are formed by a magnetically moderated RT instability on the boundaries of buoyant cavities emerging into quiescent prominences from below. The source of the cavity buoyancy remains unclear although the emergence of a twisted flux rope from below the prominence is a prime candidate, as hypothesized earlier by Sakurai (1976) . The emergence of a twisted flux rope and its subsequent rise through the prominence would also offer a novel mechanism by which additional flux and helicity are added to the coronal cavity system, thus bringing it closer to the energetic threshold for CME initiation. Estimates of cavity density combined with measured plume dimensions and occurrence frequencies indicate that the plumes are a source of upward mass flux into the prominence which partially offsets the continual downward mass flux of heavy prominence material. NAVE flowfield calculations show that the plumes also impart upward momentum into the prominence system, thus temporarily impeding downflow streams.
The analogy that emerges is that quiescent prominences are like waterfalls, connecting the overlying coronal cavity system to the chromosphere, with mass input from various sources balancing the constant downward conveyance of mass in the visible-light prominence. The upward moving plumes are thus analogous to steam bubbles episodically moving upwards in a waterfall. Steam is much less dense than water, so the net mass flux of course remains downward when considered alone against the waterfall. Nevertheless, the steam bubbles carry a small amount of upward moving water vapor which thus constitutes a source of replenishment for the waterfall. Combined with coronal condensation and thermal non-equilibrium footpoint injection, this new flow brings us closer to understanding how visible quiescent prominences can continually lose mass through downflows while retaining essentially the same appearance for time periods much longer than the drainage timescales. In this view, mass continually cycles from the chromosphere to the coronal cavity and back again while the overall magnetic configuration of the system remains relatively constant (until its eruption in the form of a CME). Averaged over time such a system would appear to be a static structure, in agreement with past models and low-resolution observations of quiescent prominences.
The SOT database currently contains only four good examples of multi-hour quiescent prominence time series which show unobstructed plume and/or cavity formations. More observations are needed in order to establish correlations of plume occurrence with, e.g., the photospheric magnetic field configuration and the overlying prominence structure, as well as statistics of plume frequency and durations. Hinode/SOT measurements of the full Hα line profile in prominences, along with disk center reference profiles, similar to the ground-based data analyzed in Heinzel et al. (2008) , are also needed for further studies of plume density and Doppler velocity. Hinode/SOT has yet to observe the eruption of a quiescent prominence to see if there is a possible link between these emergent cavity and plume flows and CME initiation. It is clear that long-term monitoring observations (durations of 12-24 hr) in addition to further short-duration, high-cadence, observations are needed in order to establish the statistics of prominence plumes and bubbles and the roles they may play in larger-scale prominence formation and eruption events.
In addition, the detailed magnetic and thermodynamic characteristics of the originating cavities remain to be determined. Providing these data will be extremely challenging. This study has shown that the minimum observational requirements to study these dynamics in detail are a spatial resolution of 200 km or less, a temporal resolution of 30 s (15 s image cadence) or less, and scattering levels (instrumental and atmospheric) less than 1%. In fact, the 15 s cadence SOT prominence movies taken to date sometimes show sudden changes in cavity structure implying that a cadence of 5 s or less is preferable for studying the details of turbulent instabilities, particularly during the initiation phase.
Thermodynamic measurements of the new flows can only be accomplished by multi-line spectrometers such as SOHO/ SUMER or Hinode/EIS. But both of these instruments are challenged with regard to the spatial and temporal resolution requirements defined above. Moreover, there are currently no space-based magnetograph instruments capable of the multi-line Zeeman and Hanle-effect spectral line measurements required to accurately determine prominence (or prominence cavity) magnetic fields. Modern ground-based instruments (e.g., PROMAG at the Sacramento Peak Observatory) are coming online, but these instruments will also be challenged by the resolution requirements. Apparently, a dedicated instrument capable of both high-resolution imaging and spectropolarimetric measurements of the Hanle and Zeeman effects is required for further progress. Such an instrument would also be capable of critical thermodynamic and magnetic measurements in active region prominences and in the chromospheres of sunspot active regions making it an ideal candidate for the Solar-C mission (the follow-on to Hinode) or a future NASA Small Explorer mission.
of the Hinode mission is conducted by the Hinode science team organized at ISAS/JAXA. This team mainly consists of scientists from institutes in the partner countries. Support for the post-launch operation is provided by JAXA and NAOJ (Japan), STFC (UK), NASA, ESA, and NSC (Norway). The MLSO data shown here are produced by the High Altitude Observatory (HAO), a division of the University Corporation for Atmospheric Research (UCAR). This work was supported by NASA contract NNM07AA01C (Solar-B FPP) at Lockheed Martin.
